Objective: Perturbations in the insulin-like growth factor (IGF) system may contribute to the accelerated cardiovascular disease (CVD) that occurs in patients with type 2 diabetes (T2D). However, it remains unknown whether the IGF system is also involved in the development of early, subclinical CVD. We characterised the IGF system in T2D patients and matched controls and examined the associations with markers of subclinical target organ damage. Methods: The study included 99 patients with recently diagnosed T2D and 99 age-and sex-matched controls. IGF-1 and IGFBP-1 to -4 were measured by immunoassays, as were pregnancy-associated plasma protein-A (PAPP-A) and the PAPP-A-generated N-terminal (NT) and C-terminal (CT) IGFBP-4 fragments, which are novel CVD risk markers. Arterial stiffness was evaluated by carotid-femoral pulse wave velocity (PWV). Cerebral white matter lesions (WMLs) and carotid artery remodelling were determined by MRI. Results: After multivariate adjustments, patients with T2D had lower concentrations of IGFBP-2, IGFBP-4, NT-and CT-IGFBP-4, when compared with controls. IGFBP-2 was inversely correlated to PWV in all subjects in multivariate analysis (P < 0.05), and IGFBP-3 was inversely associated with severity of WMLs (P < 0.05). The NT-IGFBP-4 fragment was associated with the degree of carotid artery remodelling among all subjects (regression coefficient (95% CI): 2.95 (0.70, 5.16), P = 0.011). Levels of NT-and CT-IGFBP-4 were reduced in T2D patients receiving metformin compared to those in controls and patients not receiving metformin. Conclusions: Even in recently diagnosed and well-controlled T2D patients, IGF protein levels are altered and associated with CVD risk factors.
Introduction
Patients with type 2 diabetes (T2D) carry an increased risk of cardiovascular disease (CVD), which cannot solely be explained by traditional risk factors (1, 2) . Several prospective epidemiological studies have indicated that serum levels of insulin-like growth factor (IGF)-1 (3, 4, 5, 6) , IGF-2 (7, 8) , IGF-binding protein (IGFBP)-1 (5, 9, 10, 11), IGFBP-2 (5, 12, 13) and IGFBP-3 (3, 5) are associated with the development of T2D and the cardiovascular complications ensuing T2D. Accordingly, many members of the IGF system have emerged as attractive disease markers, but causal relationships between IGF system perturbations and the development of CVD remain to be firmly identified.
One of the most promising candidates linking the IGF system to CVD is the enzyme pregnancy-associated plasma protein-A (PAPP-A), which is a metalloproteinase that amplifies local IGF signalling. By proteolytic cleavage of IGFBP-4, resulting in specific IGFBP-4 fragments, IGF-1 is liberated and available for IGF-1 receptor (IGF-1R) activation (14, 15) . Studies have shown that increased circulating levels of PAPP-A correlate with the degree of atherosclerosis and that PAPP-A is highly expressed in vulnerable plaques and exerts proatherogenic effects (16, 17, 18) . Consequently, it has been suggested that quantification of PAPP-A-generated IGFBP-4 fragments in the circulation may reflect PAPP-A activity in the vascular wall and hence provide novel cardiac risk markers (19, 20) . We have recently demonstrated that IGFBP-4 fragment levels are indeed associated with future CVD in patients with type 1 diabetes (21) . To what extent PAPP-A is involved in the pathophysiological processes underlying CVD in T2D remains to be determined.
Established risk factors such as BMI, blood pressure, cholesterol and triglyceride levels are used to evaluate the risk of T2D and CVD (6) . However, the prognostic information carried by these classical markers is challenged by their propensity to fluctuate over time and by individual variation in susceptibility to their detrimental effects. Target organ damage (TOD) represents a mediating step between risk factors and CVD that integrates the cumulative effect of risk factors and the individual susceptibility, and within recent years, novel markers of TOD have emerged (22) . Increased arterial stiffness, as assessed by carotid-femoral pulse wave velocity (PWV), is associated with the degree of atherosclerosis and predicts cardiovascular mortality, and the number of cerebral white matter lesions (WML) is associated with the risk of stroke (23, 24) . Finally, the extent of carotid artery remodelling, as estimated by a normalised wall index (NWI), is associated with accelerated atherosclerosis (25, 26) .
The primary aim of our study was to investigate if the PAPP-A-generated IGFBP-4 fragments associate with early, subclinical markers of CVD in patients with recently diagnosed, well-controlled T2D and controls matched individually for age and sex. If so, this would further strengthen the link between PAPP-A, IGFBP-4 and CVD. The second aim was to provide a hypothesis-generating description of the relationship between markers of TOD and other components of the IGF system.
Subjects and methods

Study population and blood samples
The study population consisted of 99 patients with T2D and 99 controls matched individually for sex and age. Details of the observational study population have been described elsewhere (Clinical Trial no: NCT00674271) (27) . Patients were consecutively recruited from the outpatient clinic at Aarhus University Hospital, Denmark. Patients were diagnosed with diabetes according to World Health Organization criteria and known duration of diabetes was <5 years. The control subjects were recruited by advertising in the local press, and undiagnosed diabetes was excluded by fasting plasma glucose and oral glucose tolerance test. Non-diabetic subjects with impaired fasting glucose or impaired glucose tolerance were accepted as controls. Exclusion criteria included pregnancy, infectious disease, prior or present cancer and end-stage renal failure.
The study was approved by the Research Ethics Committee of Central Region, Denmark, and by the Danish Data Protection Agency. Written, informed consent was obtained from all participants.
Fasting serum and EDTA-plasma were collected from patients and controls. Samples were centrifuged for 15 min, aliquoted and stored at −80°C until analysis. The original study cohort consisted of 100 patients and 100 controls, but due to limited amounts of EDTA-plasma, one patient sample and the matched control sample were omitted. Information on medications was missing in one T2D patient.
Magnetic resonance imaging and pulse wave velocity measurements
The investigation of the brain and morphology of atherosclerosis in the carotid arteries as well as the PWV measurements have been thoroughly described elsewhere (27) . In brief, all subjects underwent magnetic resonance imaging (MRI) of the brain and carotid arteries bilaterally in a 1.5 Tesla Phillips Intera MRI scanner (Achieva, Philips). Brain scans were performed with a slice thickness of 5 mm, and a radiologist blinded to patient data evaluated the images. Cerebral WMLs were defined as areas of brain parenchyma with an increased signal on T2-weighted scans but without significant volume loss. WMLs in the subjects were graded qualitatively on a scale from 0 to 2 according to the scale introduced by Breteler et al. (28) , with 0-4 punctate WMLs = 0, >4 punctate WMLs without confluent lesions = 1 and the presence of confluent WMLs regardless of number of lesions = 2.
The degree of carotid vascular remodelling was evaluated by a NWI that represents the area of the wall compared to total vessel area (wall area/(wall area + lumen area), with wall area defined as the area between lumen and outer wall) (25, 26) . Scans were accomplished with four different contrast weightings and analysed in a software tool to calculate NWI. NWI was determined in the right and left internal carotid artery, and the maximal NWI was used for statistical analyses.
For assessment of arterial stiffness, carotid-femoral PWV was determined by an applanation tonometer (SPT-301B, Millar, Houston, Texas, USA) and SphygmoCor equipment (AtCor Medical, Sydney, Australia). Measurements were performed from 09:00 h until 13:00 h, and the mean of two measurements was used. Intrasubject variations averaged 5.1%.
In 18 subjects, PWV measurements were not obtained due to obesity or atrial fibrillation. WML and NWI data were lacking in four and 31 subjects respectively, due to insufficient data quality, claustrophobia, magnetic material in the body or body weight >120 kg. In the paired statistical analyses (Table 1) , the matched subjects were also excluded whenever patients or controls were excluded due to missing data.
Immunoassays
IGF-1, IGFBP-1, IGFBP-2 and IGFBP-3
Serum total IGF-1 and IGFBP-3 levels were measured using the IDS-iSYS Multi-Discipline Automated Analyser (Immunodiagnostic Systems Nordic SA, Denmark) as recently published (29, 30) . Limit of detection for total β, β-cell function; BMI, body mass index; CRP, C-reactive protein; eGFR, estimated glomerular filtration rate; HbA1c, glycated haemoglobin; HDL, high-density lipoprotein; HOMA, homeostasis model assessment; IR, insulin resistance; LDL, low-density lipoprotein; NWI, normalized wall index; PWV, pulse wave velocity; WML, white matter lesion.
IGF-1 and IGFBP-3 were 4.4 and 50 μg/L respectively. An IGF-1/IGFBP-3 ratio was calculated to provide a rough index of IGF-1 bioavailability (31).
IGFBP-1 was measured using an in-house timeresolved immunofluorometric assay (TR-IFMA) as previously described (32) . The IGFBP-1 assay had intraand inter-assay coefficients of variations (CVs) of 5% and 8.1% respectively. IGFBP-2 was determined by an in-house TR-IFMA as previously described, with intra-and inter-assay CVs of 5% and 12% respectively (32) .
IGFBP-4, NT-IGFBP-4 and CT-IGFBP-4
EDTA-plasma levels of IGFBP-4, CT-IGFBP-4 and NT-IGFBP-4 were determined by newly established TR-IFMAs based on monoclonal antibodies (MAb) and corresponding recombinant human (rh) calibrators, generously provided by HyTest Ltd. (Turku, Finland). Full-length IGFBP-4 was determined using coating MAb IBP182 (Cat# 4IGF4 IBP182) and detection MAb IBP144 (Cat# 4IGF4EU IBP144). MAb IBP3 (Cat# 4IGF4 IBP3) and MAb IBP180 (Cat# 4IGF4EU IBP180) were used for the determination of NT-IGFBP-4, and MAb IBP182 and MAb IBP163 (Cat# 4IGF4EU IBP163) were used for the determination of CT-IGFBP-4. Full-length rhIGFBP-4 (Cat# 8IGF4), rhCT-IGFBP-4 (Cat# 8CIG4) and rhNT-IGFBP-4 (Cat# 8NFB4) were used as calibrators. Detection limits were 0.5, 0.4 and 0.9 µg/L for the IGFBP-4, CT-IGFBP-4 and NT-IGFBP-4 immunoassays respectively. In all three assays, inter-and intra-assay CVs were less than 15% and 10% respectively. The assays were performed as recently described (33) .
PAPP-A
Total PAPP-A levels were determined by a commercial, ultrasensitive PAPP-A sandwich ELISA (Cat# AL-101) generously provided by Ansh Labs (Webster, TX, USA). Assay procedures were as described by the manufacturer. The antibody pair used in the assay kit detects both dimeric PAPP-A and PAPP-A/proMBP complexes in equimolar concentrations with an analytical range of 0.1-10 μg/L and a sensitivity of 0.025 μg/L. The assay behaved linearly within the analytical range.
Other measurements
C-reactive protein (CRP) was measured by a high-sensitive CRP TR-IFMA with a detection limit of 0.1 μg/L (34). Fasting plasma glucose was analysed by glucose oxidase method, and fasting insulin was measured by ELISA.
Statistical analysis
Homeostasis model assessment (HOMA) indexes were calculated as described by Levy et al. (35) . Assumptions of normal distributions were tested by histograms and QQ-plots. Skewed data (IGFBP-1, -2 and -4, triglycerides, HbA1c, HOMA insulin resistance (IR), HOMA β-cell function (β), fasting insulin, fasting glucose, high-sensitive CRP, alcohol consumption, urine albumin/creatinine ratio, estimated glomerular filtration rate (eGFR) and PWV) were transformed using the natural logarithm prior to all statistical analyses. Differences in baseline characteristics between groups were determined by unpaired t-tests or χ 2 test. Differences in PWV, NWI and mean IGF system protein concentrations between patients with T2D and controls were assessed by paired t-tests, as patients and controls were individually matched. Differences in Breteler score between groups were tested using Wilcoxon matchedpairs signed-rank tests. Correlations between baseline variables and IGF systems parameters were assessed by Pearson's correlation coefficient. Unadjusted correlations are reported, as the standard methods for correction for multiple comparisons are considered far too conservative with large correlation matrices. Significant correlations were further investigated by univariate and multivariate regression analyses. Associations with Breteler score were investigated using ordinal logistic regression analysis with adjustment for confounders.
Potential confounder variables comprised all variables in Table 1 . First, we used clinical judgement, as is recommended, to select pre-specified confounder. These included age, sex, BMI and, when analysing all subjects, the dichotomous diabetes group variable. In addition, potential confounder variables were evaluated by examining their association with risk factors and outcome variables. To avoid over-adjustment, the direction of selected influences on outcome variables was evaluated using directed acyclic graphs. Analyses of IGFBP-2, IGFBP-4 and the NT-and CT-IGFBP-4 fragments were adjusted for use of metformin. No other antidiabetic treatment was associated with the IGF proteins and outcome. As previous studies have shown strong associations between IGFBP-4 fragment levels and kidney function, the NT-and CT-IGFBP-4 fragment levels were also adjusted for eGFR (21, 33, 36 
Results
Baseline characteristics
A total of 99 patients with T2D and 99 controls matched individually for sex and age were analysed. Patient characteristics are presented in Table 1 . Patients with diabetes were recently diagnosed and had good glycaemic control. However, as expected, significant differences were observed between patients and controls with regard to HbA1c, HOMA-IR and HOMA-β. Patients were obese compared with the controls, but cholesterol levels were significantly lower in patients, probably due to a higher proportion of subjects receiving cholesterol-lowering treatment. Similarly, a higher number of patients were taking antihypertensive medications. Patients presented with a higher eGFR and lower creatinine levels compared with those in controls. In the diabetic group, 96 patients received one or more medical treatments. As antidiabetic treatment, patients received metformin (n = 61), sulfonylureas (n = 13), glucagon-like peptide 1 (GLP-1) (n = 2), dipeptidyl peptidase-4 inhibitors (n = 3) or long-(n = 8) or short-(n = 3) acting insulin. In some patients, antidiabetic medications were used in combination. Carotid-femoral PWV was significantly higher in patients compared with that in controls, whereas no difference was seen in WML or NWI between the two groups.
The IGF system in recently diagnosed T2D
Protein levels are presented in Table 2 . Pearson's correlation analysis of all the members of the IGF system with various variables in control subjects and patients with type 2 diabetes are provided in Supplementary  Table 1 (see section on supplementary data given at the end of this article). No differences in circulating levels of total IGF-1 and IGFBP-3 were observed between patients with T2D and controls. However, the IGF-1/IGFBP-3 ratio was lower in patients. Serum levels of IGFBP-1 and -2 were significantly lower in patients. However, in regression analyses with adjustments for age, sex, BMI, triglycerides and fasting insulin levels, only IGFBP-2 levels differed between groups. Diabetic patients had lower levels of IGFBP-4 and NT-IGFBP-4 compared with controls, and the differences remained significant in a regression analysis after adjustment for age, sex, BMI, triglycerides and, for NT-IGFBP-4 and CT-IGFBP-4, eGFR. CT-IGFBP-4 and PAPP-A levels were similar in the two groups. After adjustments, CT-IGFBP-4 was significantly lower in the diabetic patients.
Associations of IGF system proteins with traditional metabolic and cardiovascular risk factors
IGF-1 levels were negatively associated with age in both groups. Circulating IGFBP-1 and -2 were negatively associated with BMI and strongly associated with high-density lipoprotein (HDL) cholesterol, both overall (r = 0.433, P < 0.001, and r = 0.446, P < 0.001 respectively) and in the control and diabetic groups (Supplementary Table 1 ). The overall associations remained significant in regression analyses after adjustment for age, sex, BMI, diabetes, triglycerides, fasting insulin and statin use. In contrast, IGFBP-3 did not associate with the traditional risk factors. IGFBP-4, NT-IGFBP-4 and CT-IGFBP-4 levels were all pairwise associated (P < 0.001). IGFBP-4 levels did not differ between males and females (154 ± 53 vs 168 ± 57 μg/L respectively, P = 0.077), and were age independent. As previously shown, NT-and CT-IGFBP-4 were negatively associated with eGFR in all subjects (P < 0.05) (21, 33) . Levels of NT-IGFBP-4 and CT-IGFBP-4 were lower in T2D patients receiving metformin (n = 61) than those in T2D patients not receiving metformin (n = 37) (NT-IGFBP-4: 137 (96; 177) vs 189 (134; 219) μg/L, P < 0.01, and CT-IGFBP-4: 85 ± 45 vs 108 ± 37 μg/L, P < 0.01 respectively). This difference was not observed for intact IGFBP-4 (135 ± 65 vs 156 ± 50, P = 0.096). Interestingly, when comparing controls to patients with T2D without metformin treatment, no differences were seen in NT-or CT-IGFBP-4 levels. However, when comparing controls to metformin-treated patients with T2D, levels were significantly different for both NT-IGFBP-4 (175 (144; 239) vs 137 (96; 177) μg/L, P < 0.0001) and CT-IGFBP-4 (98 ± 25 vs 85 ± 44 μg/L, P = 0.028).
PAPP-A levels were lower in females compared to those in males (0.76 ± 0.25 vs 0.87 ± 0.28 μg/L, P < 0.01) when analysing the entire population, but did not associate with other baseline variables. PAPP-A associated positively with the NT-IGFBP-4 fragment and the NT-IGFBP-4/IGFBP-4 ratio in a regression analysis adjusted for age, sex, BMI, diabetes and eGFR (both P < 0.05).
Associations between the IGF system and PWV, NWI and WML
PWV was inversely associated with IGF-1 (r = −0.306, P < 0.001) and IGFBP-2 (r = −0.195, P < 0.01) (Fig. 1 ) among all participants. However, when adjusted for age, sex, (Fig. 2) . Breteler score associated with both IGFBP-2 (P < 0.01) and IGFBP-3 (P < 0.001) in unadjusted ordinal logistic regression analyses of the entire population, and the association remained significant for IGFBP-3 after adjustment for the aforementioned variables (P < 0.05).
In unadjusted analyses of the total study cohort, NT-IGFBP-4 and the NT-IGFBP-4/IGFBP-4 ratio were associated with the NWI among all subjects ( Table 3) . The associations remained significant in an adjusted model including age, sex, BMI, eGFR, diabetes, 24-h AMBP, 24-h heart rate and use of statins, antihypertensives and metformin. When analysing the control group and patient group separately, the associations were no longer statistically significant.
Discussion
The primary findings in the present study were that IGF protein levels were associated with conventional as well as newly established risk factors for CVD and that significant differences in the IGF protein levels were seen in recently diagnosed and well-controlled T2D patients compared to non-diabetic controls. CVD is one of the major concerns in T2D, and conventional cardiovascular risk factors only partially explain the excessive risk of developing cardiovascular complications. IGF-1 levels tend to decline in poorly controlled T2D patients (37) , and both IGF-1 deficiency and excess have been associated with poor cardiovascular outcomes (38, 39, 40) . Consequently, the IGF system has been postulated to partly explain the increased risk of CVD in T2D, and the findings in this study add to the growing body of evidence linking the IGF system to T2D and cardiovascular risk. However, as this is a cross-sectional study, our findings can at best be interpreted as hypothesis generating or supporting.
Association of the IGF system with metabolic and cardiovascular risk factors
Both IGFBP-1 and -2 have been proposed as markers for the metabolic syndrome (12, 41, 42, 43) , and accumulating evidence suggests that IGFBP-1 levels outside the normal range as well as low IGFBP-2 levels are associated with an increased risk of CVD (11, 13) , a condition that is accelerated by T2D. IGFBP-1 is acutely regulated by insulin, whereas obese and pre-diabetic subjects display low fasting IGFBP-1 levels equivalent to the relatively high ambient insulin concentrations, severely insulin-resistant patients present with increased IGFBP-1 levels (4, 9, 43). IGFBP-2 is also metabolically regulated, albeit not as rapidly as IGFBP-1 and reflects more chronic and long-term alterations in hepatic exposure to insulin (44) . Indeed, previous publications report low levels of IGFBP-1 and -2 in patients with T2D (45, 46) . However, this study demonstrates that the differences are pronounced even in recently diagnosed diabetic patients. IGFBP-1 and -2 levels were inversely associated with BMI, and levels were significantly decreased in the diabetic patients, whereas IGF-1 and IGFBP-3 levels were unaltered. It is of interest that IGF-1 and IGFBP-3 levels were similar between the two groups. Generally, IGF-1 is found to be slightly lowered in patients with T2D, whereas high IGFBP-3 levels are associated with insulin resistance (43, 47) . The lack of association in this study suggests that the alterations in IGF-1 and IGFBP-3 that are normally observed in T2D may not have emerged this early in the time course of the diabetic state. After adjustments, IGFBP-4, NT-and CT-IGFBP-4 levels were lower in patients with T2D compared with those in controls, whereas no differences were observed in PAPP-A levels. Thus, the decreased level of intact IGFBP-4 in patients does not appear to be caused by an altered proteolytic activity of PAPP-A. So far, few studies have investigated possible changes in the expression of IGFBP-4 and PAPP-A in diabetic patients, and no correlation between IGFBP-4 and the diabetic phenotype has been confirmed (48) . By contrast, experimental investigations suggest that IGFBP-4 and PAPP-A levels are affected by glucose homeostasis (49, 50, 51) . Clearly, more in-depth research is needed to elucidate the mechanisms. Interestingly, we found an association between low IGFBP-4 fragment levels and treatment with metformin in patients with T2D. Thus, patients with T2D, who did not receive metformin, presented with fragment levels similar to controls. These findings suggest that established T2D per se is not associated with reduced IGFBP-4 levels, whereas metformin treatment may be. It is beyond doubt that metformin protects against CVD (52) , but the mechanisms remain unclear. We have previously shown that the IGFBP-4 fragments are predictors of future CVD (21, 33) . The findings may have several explanations. First, it is theoretically possible that the use of metformin improves renal function in T2D patients, and thus, the effects of metformin on IGFBP-4 fragment levels are mediated through a more limited decrease in eGFR. However, we found no association between eGFR and metformin treatment in the T2D patients, suggesting that this mechanism cannot explain our observations. Second, we speculate that our findings relate to the antiinflammatory actions of metformin. Studies have shown that metformin suppresses levels of pro-inflammatory cytokines, which are stimulators of PAPP-A (17, 53) . Thus, metformin may reduce IGFBP-4 proteolysis by reducing inflammation-mediated PAPP-A activity. Collectively, the association between metformin treatment and IGFBP-4 is of interest and requires further investigations.
Increased arterial stiffness assessed by PWV was inversely associated with IGFBP-2 levels. Vessel stiffness and PWV increase due to alterations in the media layers of the vessels, and this process is pronounced in T2D patients. PWV independently predicts CVD, and a low PWV is considered favourable. Our study also demonstrated that low IGFBP-2 levels were associated with other cardiovascular risk factors (low HDL, high insulin and high BMI) in both patients with T2D and in control subjects. Leptin and insulin are known to potently suppress IGFBP-2, and thus, it is difficult to distinguish between the effects of obesity and insulin resistance on the regulation of IGFBP-2 (43). However, despite adjustments for all these confounding factors, IGFBP-2 remained associated with PWV. This association warrants further investigations. IGFBP-3 concentrations associated negatively with WMLs, and this association remained significant in the adjusted model. The number of WMLs is associated with the risk of stroke, and our observation is in agreement with a previous publication, in which low levels of IGFBP-3 predicted an increased CVD mortality (54) . However, the role of IGFBP-3 in T2D and CVD is still to be elucidated, and there are large discrepancies in the literature regarding this matter (55, 56) .
IGF-1 and IGFBP-3 display opposing mechanistic effects, and the molar ratio has often been used as a proxy of IGF-1 bioavailability. A previous study demonstrated that a 12-week lasting fitness program reduced arterial PWV and that PWV was inversely associated with the IGF-1/ IGFBP-3 ratio (57). Also, a decreased IGF-1/IGFBP-3 ratio can be found in both obese subjects and T2D patients (31) . In the present study, we observed similar levels of IGF-1 and IGFBP-3 in the two groups, whereas the molar ratio was reduced in patients with T2D. We failed to observe any relationship between the IGF-1/IGFBP-3 ratio and PWV. However, it should be noted that the IGF-1/IGFBP-3 ratio is merely a surrogate for free IGF-1, and actual IGF bioavailability should be estimated by other means (58) .
IGFBP-4, PAPP-A and cardiovascular disease
An important finding of this study was a significant association between circulating NT-IGFBP-4 levels and the amount of carotid vascular remodelling as estimated by the NWI. When the control group and patient group were analysed separately, the same direction of associations was seen. Yet, this subgroup analysis did not reach the level of significance, perhaps due to lack of power. Additionally, concentrations of PAPP-A correlated positively with NT-IGFBP-4 and the NT-IGFBP-4/IGFBP-4 ratio. These observations support the view that PAPP-A and IGFBP-4 may be involved in and exacerbate the pathophysiological processes underlying atherosclerosis (17) . Most commercial PAPP-A assays are unable to differentiate between active and inactive PAPP-A (17, 19, 20) , and therefore, NT-IGFBP-4 levels, which are likely to reflect the degree of IGFBP-4 proteolysis, may provide a better measure of the in vivo PAPP-A activity than PAPP-A levels per se (19, 33) . To the best of our knowledge, we are the first to demonstrate the direct association between carotid artery remodelling and IGFBP-4 fragment concentrations. However, our findings also indicate that the absolute concentration of NT-IGFBP-4 cannot be interpreted as a simple marker of CVD, as the controls presented with higher levels of NT-IGFBP-4, but a generally better cardiovascular risk profile as compared to the patients. It is likely that the finding should be interpreted in the context of possible confounding effects. Especially differences in antidiabetic and dyslipidaemic treatments are likely to account for the discrepancies. Finally, as shown in previous studies, both NT-and CT-IGFBP-4 were negatively associated with eGFR, suggesting a renal clearance of the IGFBP-4 fragments (21) .
It is interesting that IGFBP-2, IGFBP-3 and NT-IGFBP-4 show distinct correlations with specific measures of vascular TOD. NWI, PWV and WMLs are all measures of related pathological processes associated with CVD. However, studies investigating their direct associations do not provide unequivocal answers. For instance, PWV has been shown to associate with the severity of WMLs, but the magnitude of the association was limited (27) . Also, neither PWL nor WMLs associate with the morning blood pressure surge, which is suggested as a new CVD risk marker (59) . Accordingly, the lack of associations with certain IGF proteins suggests that NWI, PWV and WMLs reflect other aspects of cardiovascular risk than these parameters or that a possible association has not emerged this early in the time course of the diabetic state. Finally, it is possible that the underlying pathophysiology associating markers of TOD with the IGF system may be different and perhaps showing a closer association in patients with T2D compared with healthy subjects. Such differences may not be revealed by this cross-sectional study. Further clarification of the differences must await future studies.
The present study has some limitations that should be taken into consideration when interpreting the results. Due to the cross-sectional study design and as most baseline variables and IGF proteins are highly influenced by diet, glycaemic control and so forth, causality cannot be inferred for the reported associations, and it remains elusive to what extent the IGF system exerts causal effects on the metabolic regulation. Adding to this, it is very likely that the IGFBPs are able to functionally compensate for the lack of other IGFBPs and that the dysregulation to some extent is due to compensatory mechanisms. Furthermore, we suspect that the sample size may be too limited to verify relevant differences. Especially the lack of the statistical difference in the subgroups may result from low statistical power. We also acknowledge that the risk of false-positive results is increased by the high number of analyses. To the best of our ability, we tried to account for this by performing thorough multivariate analyses.
Yet, the multivariate analysis is prone to over-fitting and can at best be interpreted as hypothesis generating. Finally, patients with overt T2D usually receive medical therapy that affect components of the IGF system and its regulation. Thus, cautious interpretation of data is indeed necessary, as our findings require further support by longitudinal as well as mechanistic studies.
In conclusion, the present study demonstrates distinct differences in the regulation of the IGF system in patients with T2D and in non-diabetic controls. The patients were recently diagnosed; yet, pronounced differences were observed with regard to associations between the IGF system and metabolic and CVD risk factors. These findings add to the growing body of evidence linking the IGF system to T2D and CVD. However, the clinical and pathophysiological importance of this dysregulation, and whether it may partake in the onset and progression of a dysfunctional metabolic profile, remains to be elucidated.
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